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Vascular smooth muscle cell (VSMC) apoptosis is prevalent in the proliferative lesions of the vessel wall (72) . VSMC apoptosis has been documented in specimens from atherosclerotic and restenotic lesions (23, 32, 37, 45) , and VSMC cultured from atherosclerotic coronary atherectomy specimens proliferate more slowly and undergo higher frequencies of apoptosis than VSMC cultured from normal vessels (2) . Thus, an imbalance between cell death and growth in VSMC may contribute to diminished cellularity and atherosclerotic plaque rupture (41) . In support of this hypothesis, apoptosis is detected in recently ruptured plaques as well as the fibrous cap and adjacent media of nonulcerated lesions (3, 8) . Despite the potential importance of VSMC apoptosis in vascular lesions, little is known about the biochemical mechanisms that regulate VSMC viability (72) .
The serine/threonine protein kinase Akt/PKB regulates diverse cellular processes in various cell types including VSMC (16, 68) . Activation of Akt occurs through the direct binding of the inositol lipid products of the phosphatidylinositol 3-kinase (PI 3-kinase) reaction to its pleckstrin homology domain (10) . PI 3-kinase-dependent activation of Akt also occurs through PDK1-mediated phosphorylation of threonine 308, which leads to the autophosphorylation of serine 473 (67) . Akt signaling is implicated in the physiological regulation of organ size (69) , glucose homeostasis (9) , vasomotor tone (43) , and angiogenesis (40) . Other studies have shown that Akt signaling inhibits apoptosis in a variety of cell types in vitro (10) and can protect cardiomyocytes from ischemia-reperfusion injury in vivo (20, 48) . The antiapoptotic function of Akt is reported to be mediated by its ability to phosphorylate apoptosis regulatory molecules including BAD, caspase 9, IKK-␣, and the forkhead transcriptional factor FKHRL1 (10) . Although Akt is likely to have an antiapoptotic role in VSMC, this has not been formally documented.
Fas (also called APO-1 or CD95) is a type I membrane protein that transmits a suicide signal to the cell (50) . The clustering of Fas following the binding of Fas ligand (FasL) or anti-Fas antibodies leads to caspase 8-dependent cell death (34, 65) . Whereas many cell types express Fas, FasL expression is much more restricted. FasL is predominantly expressed in immune cells such as activated T cells, natural killer (NK) cells, and macrophages (15, 51, 52, 64) . FasL can also be expressed by some tumors or host tissues that function as immune barriers (27, 28, 55, 59, 62, 63) . In some cases, dysregulated expression of Fas or FasL may contribute to pathogenesis (7, 39, 58, 61) . VSMC normally express Fas but not FasL (57) , and they undergo apoptosis when exposed to FasL in vitro and in vivo (44, 46, 56) . It is proposed that FKHRL1 activates the FasL gene promoter and that Akt-mediated phosphorylation of FKHRL1 favors cellular survival by promoting the retention of FKHRL1 in the cytoplasm (4) .
Here, we examined the role of PI 3-kinase signaling in controlling FasL expression in VSMC. Serum deprivation and FIG. 1. FasL expression is induced by serum deprivation or suppression of PI 3-kinase/Akt signaling. (A) Cell surface expression of FasL on human VSMC was determined by flow cytometry. VSMC were cultured with or without 10% serum, in the presence or absence of wortmannin (200 nM) for 48 h. Alternatively, cells were incubated with an adenoviral construct expressing dominant-negative Akt (dnAkt) (MOI ϭ 100) for 48 h prior to analysis. Other cultures were preinfected with an adenoviral construct expressing constitutively active Akt (myrAkt) (MOI ϭ 100) for 24 h prior to exposure to wortmannin or serum deprivation medium for 48 h. After treatments, cells were detached from the culture plate with 0.5% EDTA, incubated with anti-human FasL antibody (hamster IgG; 4H9), and stained with FITC-conjugated anti-hamster antibody (shaded curve). Hamster IgG was used as a negative control (open curve). Representative data from three replicate experiments are shown. PI 3-kinase (B) and Akt (C) signaling regulates FasL mRNA expression in human VSMC. Semiquantitative RT-PCR analysis was performed on FasL and GAPDH transcripts. RNA was isolated by a guanidine isothiocyanate-acid phenol method and reverse transcribed. A plasmid encoding human FasL cDNA served as a positive control for the FasL RT-PCR signal. The GAPDH signal shows uniformity of the RT-PCR analysis. Marker bands appear in the lanes on the far right. Representative data from two replicate experiments are shown in each panel.
inhibition of either PI 3-kinase or Akt signaling were found to upregulate FasL expression. This upregulation was associated with caspase activation, mitogen-activated protein kinase-Erk kinase kinase-1 (MEKK1) cleavage, and the induction of stress-activated protein kinase-c-Jun kinase (SAPK/JNK). Under these conditions, caspase inhibition markedly inhibited MEKK1 cleavage, JNK activation, and FasL expression. FasL expression was also reduced by inhibition of c-Jun-dependent transcription. Likewise, FasL induction by FKHRL1 was suppressed by caspase or c-Jun inhibition. These data suggest that cellular stresses that suppress Akt signaling or activate FKHRL1 will induce FasL expression on the VSMC surface via a caspase-and c-Jun-dependent pathway. This, in turn, establishes a positive-feedback loop that enhances cell death and tissue destruction.
MATERIALS AND METHODS
Cell culture. Human VSMC were isolated from an internal mammary artery obtained during coronary bypass surgery. These cells were maintained in Dulbecco's modified Eagle medium containing 10% fetal bovine serum (complete medium) and identified as VSMC on the basis of typical morphology and positive immunostaining with ␣-actin antibody. VSMC were grown to confluence on 10-cm-diameter dishes or six-well plates. Complete medium was replaced with fresh medium, with or without serum, typically at the time of test reagent addition. Caspase inhibitors Z-VAD-FMK and Z-DEVD-FMK were from Calbiochem (San Diego, Calif.) and were added to the culture medium at 20 M each.
Adenoviral constructs. Replication-defective adenovirus vectors expressing dominant-negative and constitutively active forms of murine Akt tagged with the hemagglutinin epitope were constructed as described previously (19) . The dominant-negative Akt mutant (Adeno-dnAkt) has alanine residues substituted for threonine at position 308 and serine at position 473. The constitutively active Akt (Adeno-myrAkt) has the c-Src myristoylation sequence fused in frame to the N terminus of the wild-type Akt coding sequence that targets the fusion protein to the membrane. Like the Akt vectors, Adeno-␤Gal expresses the lacZ gene from the cytomegalovirus (CMV) promoter (60) . Adenovirus vector expressing a dominant-negative c-Jun mutant (Adeno-TAM67) and the C287A caspase 9 dominant-negative mutant (Adeno-dnCasp-9) from the CMV promoter were from Harris Perlman (Northwestern University Medical School, Chicago, Ill.). The adenovirus expressing CrmA (Adeno-CrmA) was generated by homologous recombination in human embryonic 293 kidney cells. In brief, the 1.4-kbp CrmA cDNA (generously provided by David Pickup, Duke University) was ligated into EcoRI sites of our adenovirus shuttle vector designated Adeno-CrmA. The resulting shuttle plasmid was rescued into recombinant adenovirus as described previously (36 51 Cr and cocultured with VSMC at the indicated ratio in the presence or absence of neutralizing anti-FasL antibody (500 ng/ml). VSMC were preinfected with adenovirus vector expressing dnAkt or ␤-Gal at an MOI of 100. Release of 51 Cr in culture media was measured after 24 h of coculture. Percent specific release data are presented as means Ϯ standard errors of the means (SEM) of four replicated experiments. is not phosphorylatable because three phosphorylation sites, Thr32, Ser253, and Ser315, were replaced by alanine residues (4). Shuttle vector containing the FKHRL1 cDNA was linearized and cotransformed into Escherichia coli with the adenoviral backbone plasmid pAdEasy-1. The resultant recombinant adenoviral DNA with FKHRL1 cDNA was transfected into packaging cell line 293 cells to produce the recombinant adenoviral vectors. For experiments with these reagents, control cultures were infected with an adenoviral vector expressing only the GFP transgene (Adeno-GFP) prepared by the same system (29) . All viral constructs were purified by CsCl ultracentrifugation. VSMC were infected for 24 h with adenoviral constructs at a multiplicity of infection (MOI) of 50 or 100, achieving greater than 90% transduction efficiency (data not shown).
Protein detection by flow cytometry. After various treatments, cells were washed by rinsing with phosphate-buffered saline (PBS) and adherent cells were harvested with PBS containing 0.5% EDTA. VSMC were incubated with PBS containing 5% fetal calf serum and 10 g of hamster antibody against FasL (4H9; MBL, Nagoya, Japan) per ml or 10 g of hamster immunoglobulin G (IgG) per ml for 1 h at 4°C. After three washes in PBS, cells were incubated with 10 g of fluorescein isothiocyanate (FITC)-conjugated goat anti-hamster IgG (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, Md.) per ml for 30 min at 4°C. To analyze cell surface expression of Fas, detached cells were incubated with 10 g of mouse antibody against Fas (UB2, MBL) per ml or 10 g of mouse IgG per ml for 1 h at 4°C. After three washes in PBS, cells were incubated with 10 g of FITC-conjugated rat anti-mouse IgG (Pharmingen, San Diego, Calif.) per ml for 30 min at 4°C. Immunofluorescence staining on the cell surface was analyzed by a method using a flow cytometer (FACS; Becton Dickinson) on the FL-1 channel.
DNA analysis by flow cytometry. Apoptosis was monitored by measuring hypodiploid DNA content. After various treatments, attached and floating VSMC were harvested and fixed in cold 90% ethanol for 20 min and then resuspended in staining buffer consisting of 1 mg of RNase A per ml, 20 g of propidium iodide per ml, and 0.01% NP-40. DNA content was analyzed by flow cytometry on the FL-2 channel and gating was set to exclude debris and cellular aggregates. Ten thousand events were counted for each analysis.
RT-PCR analysis. Reverse transcriptase PCR (RT-PCR) assays were used to assess FasL expression in human umbilical vein endothelial cells, human VSMC, and activated and nonactivated Jurkat cells. Total RNA was isolated from human umbilical vein endothelial cells, human VSMC, and activated and nonactivated Jurkat cells and was reverse transcribed to cDNA and amplified by PCR according to the directions of the manufacturer (TaKaRa, Shiga, Japan), generating a 534-bp fragment of FasL (forward primer, 5Ј-GTTCTGGTTGCCTTGGTAGG-3Ј; reverse primer, 5Ј-GACCAGAGAGAGCTCAGATACG-3Ј) or a fragment of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) that is 983 bp (forward primer, 5Ј-TGAAGGTCGGAGTCAACGGATTTGGT-3Ј; reverse primer, 5Ј-C ATGTGGGCCATGAGGTCCACCAC-3Ј; Clontech). The following conditions
FIG. 4. Suppression of Akt signaling activates JNK and induces
FasL through a c-Jun-dependent mechanism. (A) Human VSMC cultures were infected with adenovirus vector expressing dnAkt at an MOI of 100, and cell lysates were prepared at the indicated times. JNK activity was measured by immunocomplex kinase assay using a c-Jun fusion protein bound to beads as a substrate. JNK1 was determined by immunoblotting with specific antibody against JNK1. (B) Human VSMC cultures were infected with adenovirus vector expressing dnAkt or ␤-Gal at the indicated MOI, and cell lysates were prepared after 24 h. JNK activity was measured by immunocomplex kinase assay. (C) Induction of FasL by Akt suppression is dependent on c-Jun. Human VSMC were mock infected or infected with adenoviral vectors expressing dnAkt and/or TAM67, a dominant-negative mutant of c-Jun. Control cells were infected with an adenoviral vector encoding ␤-Gal. All vectors were exposed to cells for 24 h and were used at an MOI of 100. At 48 h postinfection, cells were detached from the culture plate with 0.5% EDTA, incubated with anti-human FasL antibody (4H9), and stained with FITC-conjugated anti-hamster antibody (closed curve). were used: 1 cycle at 94°C for 5 min and then 35 cycles at 95°C for 40 s, 58°C for 1 min, and 72°C for 1.5 min. The PCR products were electrophoresed in a 2% agarose gel. FasL plasmid was used as a positive control.
Coculture cytotoxicity assay. Jurkat cells were labeled with 51 Cr by incubation for 4 h in medium containing 20 Ci of 51 Cr sodium (45) . After washing in fresh medium twice, labeled Jurkat cells were cocultured with effector cells (VSMC) at various ratios for 24 h. 51 Cr content of the supernatant fraction in counts per minute (cpm) was determined using a gamma counter. Percent specific release was calculated according to the formula 100 ϫ [(experimental cpm)Ϫ(spontaneous cpm)]/[(maximum cpm)Ϫ(spontaneous cpm)], where spontaneous cpm is the cpm obtained in the absence of effector cells and maximum cpm is the cpm released when cells are incubated with 1 N HCl.
Immunoblot analysis of c-Jun N-terminal kinase (JNK). Cells were washed by rinsing twice with PBS and harvested by scraping. Cell lysates were prepared in 50 mM Tris-HCl (pH 8.0)-20 mM EDTA-1% sodium dodecyl sulfate (SDS)-100 mM NaCl. Protein concentration was determined with a protein assay kit (BioRad). Protein (20 g) was separated in SDS-polyacrylamide electrophoresis gels and transferred to a polyvinylidene difluoride membrane (Millipore). The membrane was blocked with T-PBS (1ϫ PBS, 0.3% Tween 20) containing 3% dry milk and incubated with primary antibody (anti-JNK1 antibody [Santa Cruz]) overnight at 4°C. After three washes with T-PBS, the membrane was reblocked and incubated with secondary antibody (anti-rabbit IgG horseradish peroxidase conjugate [Promega]) for 1 h. ECL (Amersham) was used for detection.
JNK activity assay. JNK assays were performed using a SAPK/JNK assay kit (New England Biolabs). Cells were washed twice with PBS and lysed in a solution containing 20 mM Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM ␤-glycerolphosphate, 1 mM Na 3 VO 4 , 1 g of leupeptin per ml, and 1 mM phenylmethylsulfonyl fluoride. Lysates were incubated with beads bound to c-Jun fusion protein overnight at 4°C and then washed twice with lysis buffer and once with kinase reaction buffer (25 mM Tris [pH 7.5], 5 mM ␤-glycerolphosphate, 2 mM dithiothreitol, 2 mM Na 3 VO 4 , 10 mM MgCl 2 ). Beads were resuspended with 50 l of kinase reaction buffer and incubated with 100 M ATP for 30 min at 37°C. The reaction was terminated by adding 25 l of 6% SDS. JNK activity was assessed by Western immunoblotting using anti-phospho-c-Jun antibody.
Analysis of caspase 3 and MEKK1. Cell lysates (300 g) were prepared using an immunoprecipitation kit (Boehringer Mannheim) according to the directions of the manufacturer and were precleaned with protein G-agarose for 3 h at 4°C and immunoprecipitated overnight with anti-caspase 3 antibody (Pharmingen) or anti-MEKK1 antibody (Pharmingen) at 4°C. Immunoprecipitated protein was separated by electrophoresis on 15% (for caspase 3) or 7% (for MEKK1) polyacrylamide gels and analyzed by Western blotting using anti-caspase 3 or anti-MEKK1 antibody.
Caspase 3 activity. Caspase 3 activity was measured using the caspase 3 colorimetric assay kit according to the directions of the manufacturer (R&D Systems). Cell lysates (from 10 6 cells) were incubated with 5 mM dithiothreitol and the caspase 3 colorimetric substrate that is conjugated to color reporter molecule p-nitroanilide (DEVD-pNA) in reaction buffer for 2 h at 37°C. Cleavage of substrate was quantified using a microplate reader to determine absorbance at 405 nm.
RESULTS

Disruption of Akt signaling induces FasL expression in VSMC.
Cell surface FasL expression on human VSMC was analyzed by flow cytometry (Fig. 1A) . Consistent with previously reported data (57), FasL was undetectable on the cell surface of control VSMC. However, cell surface FasL expression was readily detected when cells were incubated under conditions of serum deprivation for 48 h or when cells were treated with the PI 3-kinase inhibitor wortmannin (200 nM) for 48 h in the presence of medium containing 10% fetal bovine serum. Incubation with a replication-defective adenoviral construct expressing an inactive form of Akt (dnAkt), which functions in a dominant-negative manner in VSMC (68) and other cell types (19) (20) (21) (22) 49) , also upregulated cell surface FasL expression on human VSMC. Under these conditions, the intensity of the FasL signal was enhanced by coincubation with 10 nM KB8301 (data not shown), a metalloproteinase inhibitor which inhibits shedding of membrane-bound FasL (46, 66) . Furthermore, cell surface FasL expression induced by serum deprivation or treatment with wortmannin was abolished when cells were preinfected with replication-defective adenoviral vector expressing constitutively active Akt (myrAkt) at an MOI of 100.
To examine FasL regulation in greater detail, RT-PCR analysis was performed to assay for FasL transcripts in VSMC. Consistent with previously reported data (57), FasL mRNA was detected in untreated VSMC. The level of this transcript increased under conditions of serum deprivation or wortmannin treatment (Fig. 1B) . Likewise, transduction of dnAkt upregulated FasL transcripts (Fig. 1C) . Collectively, these data show that PI 3-kinase/Akt signaling is both essential and sufficient to suppress FasL expression by VSMC. In contrast, modulation of Akt signaling did not affect cell surface expression of the receptor molecule Fas on VSMC, nor did it affect the constitutive FasL expression on human endothelial cells (data not shown). that had been prelabeled with 51 Cr. Jurkat cells express abundant Fas on their cell surface, and exposure to FasL-expressing cells will result in cell lysis and 51 Cr release (47) . After 24 h of coculture, VSMC preinfected with an adenoviral vector expressing dnAkt at an MOI of 100 for 24 h induced significant death of Jurkat cells in a manner dependent upon the effector cell/target cell ratio (Fig. 2) . In contrast, mock-infected VSMC or VSMC infected with the control vector expressing ␤-galactosidase (␤-Gal) (MOI ϭ 100, 24 h) did not exhibit toxicity toward Jurkat cells. Similarly, VSMC preinfected with vector expressing myrAkt did not lead to Jurkat cell lysis (data not shown). To demonstrate that the cytotoxicity of dnAkt-transduced VSMC toward Jurkat cells is mediated by the Fas-FasL interaction, VSMC cultures treated in this manner were incubated with a neutralizing anti-FasL antibody for 30 min prior to the coculture assay. Treatment with this antibody significantly suppressed the cytotoxicity of dnAkt-transduced VSMC toward Jurkat cells (Fig. 2) .
Suppression of Akt signaling promotes Fas-mediated fratricide in VSMC.
To examine the functional significance of FasL induction with regard to VSMC viability, cell death was quantified in the VSMC cultures by analyzing DNA fragmentation, an indicator of apoptosis. DNA fragmentation was assessed by quantifying hypodiploid DNA content by flow cytometry using propidium iodide staining. As shown in Fig. 3 , infection of human VSMC with the adenoviral vector expressing dnAkt (MOI of 100, 96 h) led to marked cell death in complete medium, whereas little or no cell death was observed in mock-, ␤-Gal-, or myrAkt-transduced cultures. The inclusion of neutralizing anti-FasL antibody in the dnAkt-transduced cultures significantly inhibited DNA fragmentation.
Treatment of human VSMC with the PI 3-kinase inhibitor wortmannin also led to significant production of hypodiploid DNA (Table 1) . Under these conditions, coincubation with 0.5 g of neutralizing anti-FasL antibody per ml significantly reduced the extent of hypodiploid DNA induced by 100 or 200 nM wortmannin at the 72-h time point. Collectively, these data show that Fas-mediated apoptosis contributes to VSMC death under conditions where PI 3-kinase or Akt signaling is inhibited.
Suppression of Akt signaling promotes c-Jun-dependent FasL induction. Previous studies have reported that JNK signaling can be an important regulator of Fas-mediated apoptosis (35, 38, 70) . Thus, to examine the consequence of Akt signaling on the modulation of JNK activity in VSMC, an immunocomplex kinase assay was performed on JNK1 protein activation was also dependent on the dose of the dnAkt-expressing viral vector, and infection with a control vector expressing ␤-Gal had no effect (Fig. 4B) .
To examine the functional significance of JNK activation on FasL induction under these conditions, VSMC cultures were transduced with an adenoviral vector expressing a dominantnegative c-Jun mutant (Adeno-TAM67). Preinfection with Adeno-TAM67 largely reversed the induction of FasL expression on VSMC caused by infection with the viral construct expressing dnAkt (Fig. 4C) . Collectively, these data are consistent with the hypothesis that JNK activation is an essential step in the induction of FasL following suppression of Akt signaling.
Caspase activation was examined as a potential mechanism involved in JNK induction because previous studies have shown that caspase-dependent cleavage of MEKK1 will activate the JNK pathway in MDCK and embryonic stem cells (6, 74) . Therefore, VSMC were infected with the adenoviral vector expressing dnAkt (MOI of 100 for 48 h) in the presence or absence of Z-VAD-FMK (20 M), a broad-spectrum caspase inhibitor, or Z-DEVD-FMK (20 M), which has specificity for caspase 3. Treatment with either Z-VAD-FMK or Z-DEVD-FMK abolished the induction of JNK activity caused by the suppression of Akt signaling (Fig. 5A) .
MEKK1 is an endogenous substrate of DEVD-directed caspases that has been implicated in the regulation of JNK (6, 25, 73, 74) . Therefore, we examined whether inhibition of Akt signaling would lead to cleavage of MEKK1. Transduction of VSMC with dnAkt led to a dose-dependent induction of the 91-kDa MEKK1 cleavage product (Fig. 5B ). This process was blocked when VSMC cultures were incubated with Z-DEVD-FMK. Little or no MEKK1 cleavage was detected in the control cultures. VSMC undergoing anoikis contained this fragment, consistent with observations made in MDCK cells that have lost matrix attachment (6) . Collectively, these data show that, under conditions of suppressed Akt signaling, caspase activation and cleavage of MEKK1 coincide with enhanced JNK signaling and FasL expression.
Suppression of Akt signaling promotes caspase-dependent FasL induction. To further investigate the role of caspases in the Akt-JNK-FasL pathway, we tested whether suppression of Akt signaling will induce caspase 3 cleavage and activation. Immunoblot analysis of human VSMC transduced with dnAkt revealed cleavage of caspase 3 by 24 h while no caspase 3 cleavage was observed in mock-or ␤-Gal-transduced cultures (Fig. 6A) . Caspase 9, which is activated upon mitochondrial dysfunction, can act to cleave caspase 3. To examine the role of caspase 9 in this process, VSMC were infected with combinations of adenoviral vectors expressing dominant-negative Akt and dominant-negative caspase 9 (Fig. 6B) . Preinfection with Adeno-dnCasp-9 inhibited caspase 3 cleavage caused by infection with Adeno-dnAkt for 24 h. Adenoviral transduction of CrmA, a caspase 8 inhibitor, also inhibited caspase 3 cleavage. However, this protection was most notable 48 h after infection with Adeno-dnAkt (Fig. 6B) . Finally, treatment with the general caspase inhibitor Z-DEVD-FMK inhibited caspase 3 cleavage in cultures transduced with dnAkt, and a similar cleavage pattern was observed when cells were placed in suspension culture to induce anoikis (Fig. 6C) . These last results were corroborated by examining caspase 3 activity with a colorimetric assay. As shown in Fig. 6D , infection with adenovirus encoding dnAkt led to a dose-dependent increase of caspase 3 VOL. 22, 2002 Akt AND FKHRL1 REGULATION OF FasL EXPRESSIONactivity, and activation was blocked when cultures were incubated with Z-DEVD-FMK. Also consistent with the caspase 3 cleavage data (Fig. 6C) , caspase 3 activity was low in mock-and ␤-Gal-transduced cultures and high in cultures undergoing anoikis (Fig. 6D) . Fluorescence-activated cell sorter analysis was performed to examine the role of caspase activation in cell surface FasL expression (Fig. 7) . Transduction of dominant-negative caspase 9 inhibited FasL expression under conditions of suppressed Akt signaling (Fig. 7A) . Similarly, preinfection with Adeno-CrmA inhibited cell surface FasL expression (Fig. 7B) . Like the time course of caspase 3 cleavage, the effect of CrmA on FasL expression was detectable at 48 but not 24 h after infection with Adeno-dnAkt (data not shown). Finally, the general caspase inhibitors Z-DEVD-FMK and Z-VAD-FMK effectively blocked FasL expression under conditions of suppressed Akt signaling (Fig. 7C ). Taken together, there was a good correlation between the reduction in FasL expression and inhibition of caspase 3 activation under conditions of suppressed Akt signaling.
FKHRL1 promotes caspase-and Jun-dependent FasL induction. It has been shown that Akt phosphorylates and inhibits the nuclear translocation of the FKHRL1 transcription factor (4). Furthermore, it was reported that FKHRL1 transactivates the FasL promoter and promotes apoptosis via a FasL-dependent mechanism. Thus, to examine the role of FKHRL1 in VSMC, we constructed an adenoviral vector expressing a nonphosphorylatable form of FKHRL1 (Adeno-FKHRL1). Adeno-FKHRL1 induced FasL cell surface expression (Fig. 8) and promoted DNA fragmentation ( Table 2 ). Coinfection of Adeno-FKHRL1 with Adeno-dnCasp-9 or Adeno-TAM67 or incubation of FKHRL1-transduced cells with Z-DEVD-FMK reduced cell surface FasL expression (Fig. 8) , implicating caspase 9 activation and c-Jun-dependent transcription in this process. Similarly, coinfection with Adeno-dnCasp-9 or Adeno-TAM67 reduced FKHRL1-dependent apoptosis (Table  2) , indicating the functional significance of caspase 9 and c-Jun in cell survival under these conditions.
DISCUSSION
This study examined the role of PI 3-kinase/Akt signaling in the regulation of FasL expression and cellular survival in VSMC. It is shown that serum deprivation, incubation with PI 3-kinase inhibitor wortmannin, or transduction of an inactivating Akt mutant will lead to increases in FasL mRNA and cell FIG. 9 . Model of FasL regulation by Akt signaling. Suppression of Akt signaling leads caspase-dependent cleavage of MEKK1, which promotes JNK activation and FasL expression. Like JNK activation, Fas-mediated apoptosis will serve to further escalate caspase activity, establishing a positive-feedback loop that facilitates destruction of the cell. In this study, caspase 9, caspase 8, and c-Jun transcription were inhibited by adenoviral transduction of dominant-negative caspase 9, CrmA, or TAM67, respectively. The mechanisms of caspase activation following the suppression of Akt signaling (or activation of FKHRL1) were not addressed in this study and these relationships are indicated by the dashed lines. An alternative mechanism not shown in this model is the direct transcriptional activation of FasL by FKHRL1 (4). surface expression of the FasL protein. VSMC express Fas and are susceptible to Fas-mediated apoptosis both in vitro and in vivo (1, 24, 46, 56) . Thus, the coexpression of Fas and FasL on the VSMC surface would be expected to contribute to toxicity under conditions of diminished Akt signaling. Indeed, it was found that incubation with neutralizing anti-FasL antibody partially blocked apoptosis induced by the PI 3-kinase inhibitor wortmannin or transduction of a dominant-negative Akt mutant, demonstrating the functional significance of FasL expression under these conditions. Consistent with these data, VSMC exhibited a cytotoxic activity toward cocultured Jurkat cells following suppression of Akt signaling, a process that could also be inhibited by neutralizing anti-FasL antibodies.
Jun is reported to positively regulate transcription of the FasL gene (17) . Therefore, experiments were conducted to examine the role of JNK signaling in the Akt-mediated suppression of FasL expression. Inhibition of Akt signaling led to the induction of JNK activity in VSMC. The functional significance of this increase in JNK activity was demonstrated by the ability of a dominant-negative c-Jun construct to eliminate FasL expression under conditions of suppressed Akt signaling. Caspase activation was also found to be essential for JNK activation and FasL expression. Furthermore, caspase-dependent cleavage of MEKK1 occurred when Akt signaling was suppressed. It is well established that caspase-dependent MEKK1 cleavage results in JNK activation and apoptosis (6, 25, 73, 74) . Therefore, we propose that Akt signaling serves to inhibit JNK activation and FasL expression by suppressing caspase activation and MEKK1 cleavage (Fig. 9) . Reports that Akt phosphorylates and inactivates Bad (11) and procaspase 9 (5) are consistent with this hypothesis. Akt also phosphorylates and inactivates the forkhead transcription factor FKHRL1, and this factor transactivates the FasL promoter (4). Therefore, modulation of FKHRL1 activity represents an alternative mechanism of Akt-mediated FasL regulation. To explore the role of FKHRL1 in controlling VSMC viability, an adenoviral vector expressing a nonphosphorylatable form of FKHRL1 was constructed. This vector induced cell surface FasL expression and apoptosis in VSMC. Moreover, transduction of dominant-negative caspase 9 or dominant-negative c-Jun appreciably suppressed FKHRL1-induced FasL expression and apoptosis. Although these data do not rule out a direct link between FKHRL1 and FasL gene transcription (4), they suggest that activation of caspases and c-Jun can be a significant modulator of FasL expression downstream of FKHRL1 (Fig. 9) and that Akt-and FKHRL1-mediated control of Fas-mediated apoptosis is more complex than was previously appreciated. In this regard, induction of the pro-apoptotic Bcl-2 family member Bim by FKHRL1 (14) may be significant in the induction of FasL through a caspase-dependent mechanism.
It is well established that anoikis, genotoxic agents, and other stresses promote a cytotoxic feedback loop involving caspase-mediated cleavage of MEKK1 and JNK signaling (6, 25, 73, 74) . It is also reported that Fas activation can promote MEKK1 cleavage through caspase 8-mediated activation of the caspase cascade (12) . The data from the present study suggest that Akt signaling can control MEKK1 cleavage and JNKmediated activation of FasL expression (Fig. 9) . Therefore, it follows that FasL may also participate in a positive-feedback loop that increases caspase activation following mitogen deprivation or other stresses that promote apoptosis via the inhibition of Akt signaling. The finding that cell surface FasL expression is involved in this process suggests that the induction of apoptosis via the caspase-MEKK1-JNK mechanism can lead to Fas-mediated destruction of neighboring cells, potentially facilitating tissue destruction. For example, this mechanism may be responsible for FasL induction and Fas-mediated cell death in an isolated heart following ischemia-reperfusion injury (33) . Furthermore, focal tissue destruction through this type of mechanism may be an important component of the host response to pathogens (26) .
The Akt-caspase-JNK regulatory axis reported here may also provide a mechanistic rationale to explain stress-induced FasL expression that has been reported in diverse cell types. For example, FasL is reported to be induced by serum deprivation in PC12 cells (42) , c-Myc transformation in fibroblasts (30) , oxidized lipids in endothelial cells (58) , and chemotherapeutic drugs in hepatoma and leukemia cells (18, 31) . Since all of these stresses promote apoptosis, it is conceivable that FasL expression is triggered downstream of caspase and JNK activation. Furthermore, this regulatory pathway may partly explain why inactivating mutations in the PTEN tumor suppressor gene, a negative regulator of Akt signaling, leads to impaired Fas-mediated apoptosis (13) .
Apoptosis of VSMC is commonly found in the inflammatory fibroproliferative disorders of the vessel wall (71) . Previous studies have identified some essential regulators of VSMC viability, including Bcl-X L (54) and Bcl-2 (53), but the signaling cascades involved in this process have not been examined in detail. The data presented here suggest that caspase-mediated cross talk between Akt and JNK is an important determinant of FasL expression and Fas-mediated cell death under conditions of cellular stress, providing a molecular framework for further analyses on the role of this signaling pathway in the control of VSMC apoptosis.
